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STRUCTURAL BEHAVIOR
OF BATTLEDECK ,FLOOR SYSTN~
by rnge Lyse* and Ingvald E. Madsen**
-- - -- - -- - -- - --
1. SYNOPSIS
This report is a progress report on the first year's in-
vestigation of Battledeck Flooring. The results on the tests on
models of two bridge floors, one with a stringer spacing of two
feet and the other 1:vi th one-foot spacing are given. It is' shown
that battledeck flooring under a concentrated wheel load acts as
an integral unit, distributing the'load over several stringers,
which act as simple beams •. In the interior stringers it was
found that the widt~-depth ratio of the plate acting as the com-
pression flange of a T-beam may be regarded as high as 34. The
model was tested with dead weights, and the results were comput-
ed from the strain and slope curves.
2. HISTORICAL FOREWORD
One of the most important problems in the design of
battledeck floor systems is the action of the flat plate when
subjected to uniform and concentrated loads. This problem is
one of the oldest in applied mechanics, and one on which a good
deal of work has been done, although as yet no complete solu-
tion has been found.
The flat plate problem was attacked first for the bene-
fit of the musician and not for the engineer. Interest in the
relationships between the pitch of a membrane and the area,
pressure and thickness, led to a great many philosophical spec-
ulations on the subject, and a substantial prize was offered to
the mathematician who would solve the problem. Many famous men
worked on it, and although they did not solve it, they added
greatly to the knowledge of plate theory. Kirchoff, Lagrange,
Poisson, Cauchy, Navier, and Saint-Venant arc only a few of the
great nwnes associated with tho problem, and the prevailing
theory of tho. thin flat :plat(;~ is tho'Kirchoff thoory r:hich'ho.&
been put in its present form by Saint-Venant.
This theory lends itself to a fairly easy solution in
the case of circular platos, sylmnetrically loaded. In recent
years various solutions of much more practical problems have
boen offered. A. and L. FBppl10 offer many appro~imate and ex-
act solutions of practical plato problems. Nadai, also sub-
mitted a number of solutions for various classes of plates and
loadings, and this is probably the most complete set which had
been offered up to that time. In this country, H. M. Wester-
gaard3 , solves tho problems of tho medium thick slab, by using
Fourier series to express the boundary conditions. This latter
solution is particularly applicable to reinforced concrete slabs.
~
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Marcus4 solves flat plates by the elastic ucb method.
Re offers solutions for practically all types of platos and
loadings. The method requires tho solution of linear simul-
taneous equations.
Very little literature seems to be available, on the
action of floor systems as a ~hole. The Bureau of Standards,
in cooperation with the American Institute of Steel Construc-
tion has published reEorts on the Robertson Keystone Floor5
and Battledeck Floors , under, uniform loads. '
In the case of the battledeck floor, it was found that
the floor behaved as a unit, and that the plate on top the
floor could be regarded as acting with the stringers in the
form of a T-beam. No literature has been, found for the prob-
lem studied in this investigation, namely, the battledeck floor
under concentrated loads.
3. INTRODUCTION
A. General Information - The American Institute of
Steel Construction sponsored this investigation into the action
of concentrated loads upon battledeck flooring in order to ob-'
tain information upon the stresses and deflections in such floor-
ing, for design purposes.
In order to further this subject a research fellowship
supported by the Institute was established at the Fritz Engin-
eering Laboratory of Lehigh University. The Institute provided
the salary for the Research Fellow, the McClintic-Marshall Cor-
poration furnished the steel in fabricated condition, and Lehigh
University carried all other expenses. The investigation is
carried out under the guidance of the Technical Research Commit-
tee of the American Institute of Steel Construction, of which '
Mr. Aubrey Weymouth is the Chairman, and the Messrs. H.G.Balcom,
F.R. Frankland , O.E.Rovey, Jonathan Jones, and J.R.Lambert are
the members. Acknowledgment is due all members of this Committee
for their active interest in the work and their advice and guid-
ance. Acknowledgment is also due ~~. E.L.Durkee and other mem-
bers of the McClintic-Marshall Corporation for constructive crit-
icism and valuable suggestions during the carrying out of the
investigation, and to Mr. R.J.Bowles, Welding Supervisor, Beth-
lehem Steel Company, for advice and assistance in the construc-
tion of the modol, and to all members of the laboratory staff
for their assistance during the construction and testing of tho
model.
The investigation has been carried out by experiments on
two one-third size models. Onc model is based upon a prototype
consisting of a bridge of two stringer panels 20 ft. long and 10
ft. wide, with stringers 2 ft. apart, and a 3!8-in. plate welded
to tho stringers with 4-in. beads, every 12 in. centor to center •
. The second model is the same as the first, but the stringers are
~spaced 1 ft. apart in the prototype instead of 2 ft. A picture
~, of the first model and loading rig is shown in Fig. 1. The big
blueprint at the end of this report shows the details of the
first model. The second model is the same as the first, but the
stringers are spaced at 4-in. instead of 8 in., corresponding to
an actual spacing of stringers of 12 in. A photograph of the
second model which shows the stringers is shown in Fig. 2. /
4. TEE THEORY OF FLAT PLATES
The Kirchoff theory of-the flat plate lies on several
basic assumptions which are:
1. The thickness of the plate is small with respect to the
span, so that the elongation of a filament parallel to the _',"c,
plane of the plate is proportional to its distance from the
midsurface or neutral plane.
2. The deflection is small in proportion to the thickness
of the plate.
3. There is no extension of the middle surface.
4. A straight line through the plate before bending remains
straight after loading. This corresponds to the assumption in
the beam theory that plane surfaces remain plane.
5. There is no normal traction across planes'parallel to
the middle surface.
6. Finally we must assume that the material behaves elas-
tically, since our theory is based on the assumption that
stresses are proportional to the corresponding strains.
This last asslli~ption seems to be the one most likely to
fall dovm when applied to flat plates, since even at very small
loads, there seem to be small local yieldings and a consequent
redistribution of stress. It is in this respect a safety fac-
tor, but it will throw the 'results of a theory, based- on elas-
tic behavior, in error.
The assumption that there is no extension of the middle
fibre is not much in error, when the deflection is less than
one tenth the thickness. This error is larger in the case of
a fixed plate as the middle fibre must be extended, if we are
to have any deflection, and for this reason also~ a fixed plate
is stronger than a plate, simply supported.
The Kirchoff thoory is mathematical, and has for its
result, differential equations which must be solved to get a
practical solution. Those equations have been solved exactly
for circular plates symmetrically loaded, and approximately
for some rectangular plates by means of converging series.
Bryan in the Transactions, I. N. A. 1894, gives a
fairly simple exposition of this theory.
He subdivides tho stress in a plate as being of two
types, onoextensional, and the Qther flexural. The plate
problem then falls into one of three classes; extension alone,
flexure along, or a combination of the two.
4A. Relation Betwoen stress And Strain In A
Strotched Plato
Lot II = Poisoon' s ratio
A = area of end of section
P = force
P = tension under the force P
A
1. The section increases in length by ~A of itself.
P'
2. The section decreases in width by ,J} of itself.EA
In Fig. 3 is shown the middle surface of a rectangular plate of
thickness 2h.
The surface of the plate has no stress. Then the ten~ .
sion across AB per unit length = p'.
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This tension p'J produces:
1. An elongation along BC of~2hE
2. A contraction along AB of l1L
2hE
3. A contraction of the thickness of Pll of itself.2hE
(1)
£2 = k - pp.
2hE 2hE
_ pt (i"ll
E1 - -.- - ~
2hE 2hE
for Pand Q,:
p. = 2hE
1':p.2
Combining strains, if £1 and £2 are the elongations of BC and
AB:
Solving
(2 )
,-
VVhile the total amount the plate contracts
= 2h(Pp- + ~)
2hE 2hE
= (P+Q)}l
E
(3 )
5If the sides of ABCD are not parallel to the directions
of the principal stresses in the plate, there will be in addi-
tion, equal shearing stresses, applied along the edges ABCD.
Let their amount equal q' per unit length of edge. This will
be §~ per unit area of the faces A'B'BVlA", etc. Also the fig-
ure ABeD will no longer be a rectangle after strain, but the
angles differ from right angles, by a small amount, which we
will denote by ¢.
The former stress-strain relations hold good and in
addition q' = 2hG¢ = hE¢ where G denotes the simple rigidity
1+11
of tho substance (shear modulus) and equals 2(1~11)
B. Flexural stresses - In Fig. 4 is soen a section of
a plate which is bent into the form of a cylinder. If p = the
radius, the strain in a tangential direction PX = ~, and the
. p
strain along PY parallel to the axis of the cylinder = O. There
is no stress in the radial direction PO'.
R = 0Ey = 0,
If P, Q, R, are principal stresses, Ex, Ey ' EO' arc
principal strains at P, in directions PX, PY, PO, we have:
z·E =-X p'
the first two give:
whence the stresses at P' are given by:
P =~ ~ ~ - E~ z R = 0l-l1a p' ~ - ~ p'
and from the condition of the stretched plate or from equation(3), it is readily inferred that:
Eo = - ~(P+Q) = - ~ ~
E I-p. P
whence the throe strains are given by:
E · - Z E a ~ zx - P' y=' Eo = - T=lI P
The strains and stresses are proportional to z and
therefore greatest at the s.urface of tho plato. -
If the plato is bent into any other form, whose radii
of curvature are Pl and P2,we would use the principle of sup-
erposition and add tho strains and stresses duo to the two radii.
Then P Q';=
Z
Ey :;: 'P2'
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vnlere·~ is the deflection of the plato.
If ABCD is a small' rectangular element of the plate
whose sides are lines of curvature, it may be deduced by tak-
ing moments about .AB, BC, that the action across A 'B fBrlA" ,
gives rise to a couple whose axis is AB, and whose moment per
uni t length of side _ 2 acE., 1 +~
. AB - 3h (i":\1,2 )(PI P2)
and the action acrbsf3 the se6tlbh B'C+CilB" gives a couple.
about BC,
which = 2 3( E }(~~).3h l_p.Z pz P~
Since ; h 3 = I per unit length, the bending moments about
the lines of principal curvature are:
M
l
= EI (L~) M2 = EI (L~)l_p.2 PI PZ l-P.z P2 Pl
The lines of principal eurvature on the middle surface of the
plate cross at right angles, but in rectangular plates, they
are not always parallel to the edges, as might b~ supposed.
The principal curvatures expressed above are equal to:
1 1 02w o2w
PI + P2 =~ + oy2'
A more general equation, which does not depend on the
principal curvatures, and which can be derived from the above
by the principles of elasticity is:
...]Lf§4w + 20 4w + o~l = Z
l-p.2 19x4 ox2 8y 2 oy4j
where Z is the load per unit area.
A solution of the above equations, considering bending
and stretching, if we can solve the differential equations,
will give us the desired results.
The Kirchoff theory as such, does not take into account
the extensional stresses which arc derived in the first part of
Bryan's treatment, and they should be taken into account when
the deflection is appreciable.
The portion of the extensional stresses which has a re-
sultant, at the edge of the plate will be called the catenary
stresses. The part which is in equilibrium within the plate,
may be called secondary stretching stresses, though their mag-
nitude may be of the order of the other stresses. '
the
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The secondary stresses have no external resultant, and
thus are not directly produced by the applied loads. Their
effect on the safety of the structure is entirely subordinate
to that of the primary stress. If the material is ductile, a
redistribution of secondary stresses can occur which generally
renders them of small importance. It is necessary that the de-
formation for redistribution should be small. In the case of a
flat plate, fixed at its edges, as the load is increased, the
bending stresses increase and at the edges where tnere is local
stress concentration, we have a slight yielding, the middle
fibre stretches a little, taking up stress, and we have a re-
distribution of stress wi~h very little deformation. After the
redistribution, the unit stress will quite often be less than
it was originally.
5. THE THEORY OF MULrr:I.~;;LE STRINGERS
The distribution of a wheel load between the various
stringers of a bridge floor has always been a moot point. Very
little literature seems to be available on the subject, and it
is hoped that this research will throw some light on the matter,
particularly in the case of battledeck floors.
In a battledeck floor, as the load is applied to a
stringer; the stringer naturally deflects. As it de~lects, the
plate begins to act as a cantilever beam to transmit shear to
the next stringer. This will cause the next stringer to de-
flect, and the distribution goes on till it eventually reaches
the exterior stringer. The amount of shear which a stringer
will transmit'will depend on the relative deflection between
any two stringers. Since the deflections vary as the cube of
the spacing between the stringers and inversely as the cube of
the thickness, for a floor having equal spacings between the
stringers, there should be a constant proportion of the shear
transmitted between each stringer. For a flexible floor this
constant will be small. As the floor is stiffened, the cons-
tant will become larger and the loading \7ill be spread much
more appreciably over the stringers. In discussing the exper-
imental results, attempts have been made to establi~h definite
ratios bet~een the ffillOunt of load supported by each stringer
of the model. .
6. OUTLINE OF TEST PROGRAM
A. General - It was proposed to study in this program
problems connected with:
1. Buttledeck flooring for highway bridges.
2. Battlodeck flooring under concentrated loads.
These problems require, for their solution, the deter-
mination of:
. -~.
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The program ~as carried out by making tests on a one-
third size model, varying the loads and span of the stringers,
and the conclusions are dra~~ from the results of these tests.
Eventually it is planned to run a test on a full size floor
panel as a check on the model results.
TIlis program was essentially that which was outlined
by the Technical Research Committee of the American Institute
of Steel Construction at its meeting in New York City on
October 1, 1934.
B. Design of Model - The model was based on one lane
of a bridge panel, 20 ft. long and 10 ft. wide. The floor of
the prototype consisted of a 3/8-in. plate res,ting on string-
ers 24 in. apart. This floor was designed for a H-20 loading.
The stringers Viero assumed, to act as fixed end T-beams,
but the stringers were designed to take a full wheel load on
the assumption that the plate TIas so thin that it could not
carry any appreciable shear to the next T-beam, until the string~
er had deformed more than desirable. These assun~tions are also
equivalent to assuming that tho stringers are froe ended, and
must bo designed for one-half a wheel load.
c. Required Section Modulus:
Live Load S = (22,400) (zg) (18l~oO ) - 37.3 ina,
Dead Load S _ J29.3)J..§)( 20) .a (12) 1.3in3=
(12)(18,000) ~)8. 6in3
This requires a 12-in. Vi.F. 28-lb. I-section, flange = 6.5 in.
and web = 0.24 in. This beam with a 3.8-in. plate 2 ft. wide
on top of it has a section modulus of 40.96 1n3 •
This conception of the bridge then involves: transverse
floor beams 20 ft. center to center; longitudinal stringers, 12
in. W.F. 28-lb. beams, 24 in. center to center, and 3/8-in.
floor plate; the stringers being coped flush rri th the floor
beams so that the floor plate can be TIe1ded to both.
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The model was designed to give stress conditions sim-
ilar to those of the prototype. Each panel was made one-third
size, and was 80 by 40 in. The model consists of two panels.
The plate was made lIS-in. thick. The stringers were 3-in.
5.7-1b. I-beams whose flanges were cut down to a width of 2.16
in., to make it one-third the 6.5 in. of the prototype. This
gave the T-beam in the model a section modulus of 1.83 ina.,
whereas it should be 1.54 in3 • This is stiffer than the model
should be, but as close as could be obtained without a lot of
expensive machining.
For the floor beam in the model, a standard 4-in. 7.7-
lb. beam was used. This has an S of 3.0 ina, whereas 2.6 in3
was called for, but the floor beam should have little effect
on the results.
The model was welded by manual arc welding using a
lIB-in. bare ele'ctrode. The plate was butt welded over the
floor beams with continuous welds, and also welded continu-
ously along the exterior stringers. The interior stringers
were welded to the plate py intermittent welds 1-1/4 in. long
about every 4 in. Great care had to be ~aken in welding to
prevent warping and shrinkage, and on the first attempt, 'the
floor which seemed apparently all right before lunch time,
warped 4 in. on cooling over the noon hour', and the plate had
to be ripped off and another one put on. '
The material in the floor was ordinary grade struc-
tural steel though the plate showed a very low yield point,
and ultimste strength. The result of a typical sample is
shown in Fig. 5.
Sample specimens were taken from the plate in various
places, including positions adjacent to the burnt edge of the
plate and adjacent to wolds. The physical properties for the
plate close to the weld, seemed slightly lower than the ones
further away. but there w~s not enough difference to draw any
copclusions.
The model was held in a frame consisting of vertical
posts made up of 8-in. channcls t and the channels were braced
with angles. ' The floor beams of the model were welded to the
vertical channels to simulate the connections of the floor
beams to the hangers in an actual bridge.
The second model was exactly the same cs the first,
but the stringers were spaced at 4-in. intervals instead of
the 8 in. in the first model. Actually all the stringers
were in from the beginning, but in the first model, half of
them hung loosely, and~,could not take any load. The model
was assembled this way because there would not have been
enough room to· ft t the stringers for the second model in
place after the first ones were welded in. After the com-
pletion of the tests of the first model th~ additional
stringers were welded into place.
. ~
. "
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Local stresses were introduced in the plate from the
welds, and the first time load was applied, there was a large
number of local yieldings even under very small load. Due to
these yieldings the results of the first run were very erratic.
Before welding in the extra stringers for the second
model, strain readings were taken on all t~e stringers and
these were repeated after the welding. Fairly large welding
stresses were noted. These stresses were somewhat larger at
the center of the beams than they were at the ends, and were
compressions in the original oeams, while they caused tension
in the -beams which were newly welded in.
The maximum stresses for each stringer are shown in
Table I. These stresses were not local, but continuous and
since they were all measured on the tension side of the beams,
the tension values are high enough to cut down our safety fac-
tor a good deal. These stresses were present, in spite of the
fact that every precaution possible was taken in order to keep
the welding and cooling stresses at a minimum.
c. Loading Rig - The original panel was designed for
a H-20 loading. The U. S. Bureau of Public Roads hp-s approved
a loading area of 20 by 10 in. for the rear wheel of such a
loading. This assumes a rear wheel with a tire 20 in. wide,
and with a tire pressure of 112 Ib per sq in., so that 10 in.
of tire bear longitudinally •
The mod~l was loaded by de~d weights on a loading rig
made of a cast iron block to which a frame w~s fastened to
carry the additional dead load. The initial weight of the
rig waS 400 lb. Addit'Hmal load was applied by adding 50-lb~
blocks. A photogruph of the loading rig is shown in Fig. 6.
The loud is applied through a steel bearing plate which is
one-third size or 6-2/3 by 3-1/3 in. Under the bearing plate
was placed a piece of soft rubber 1-1/2 in. thick to keep the
load constantly uniform as the plate deflected, and a piece
of c.ellotex was placed under the rubber to keep the area in
contact with the plate constRnt.
A load of 2489 lb. should cause the same stresses in
the model which the rear wheel of a. H-20 truck: would ce,use
in the full size bridge panel. The model was loaded up to
2500 lb., and readings of stress, slope, and deflection were
taken at all necessary points.
In order to show thr->.t the loading rig would give a
uniform load distribution beneath it, and in order to compare
the results of tho stress distribution ~nd that of·a tire, a
compara.tive load test was made. The floor was loaded through
the rig, and strain measurements were taken around the load
at the points shown in Fig. 7. Then the floor waS again load-
ed through a tire, as shown in the photograph of Fig. 8. The
results of these loadipgs are compared in Table II, and it is
seen that they agree within the limits of experimental error.
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This indic~tes th~t the loading rig gives a fairly uniform
load, as is shown particularly by the agreement at gage
points 4 and 5, which ~re the ~ignificant points in the com-
parison, since they ~re directly under the load. The high
value for gage point 5 would b€ regarded with suspicion ex-
cept for the fact that the strain gage recovered completely
upon removal of the load, showing elastic behavior at this
point. .
D. Observations and Instruments - In a regular run,
strain measurements were taken along the longitudinal axis
of the stringers with a 10-in. Whittemore strain gage. Slope
measurements were also taken with a level bar of 5-in. gage
length. Measurements were taken transversely between the
stringers with an 8-in. Berry gage, in order to determine,
the rotations of the stringers. The load was then applied
and all the readings were repeated. The temperature of the
laboratory was kept as nearly constant as' possible, and in
most of the runs was held within a range of Tour degrees
Fahrenheit at the most. In some of the runs this was impos-
sible, and there was a variation of temperature up to twelve
degrees Fahrenheit. Corrections were applied to the strain
readings for any temperature variations from the readings on
an invar steel and a mild steel standard.
A total of about sixteen complete regular runs were
made on the two models, applying the load in various posi-
tions on the floor.
Several other minor tests were made. Rows of Ames
dial~ were placed beneath the stringers' and plate to measure
the deflections and to chock the slope readings.
The plate stresses were measured at important points
with Huggenberger tenscmeters and also with a 2-in. Olsen
strain ge.ge.
The level bar was made, so that various gage lengths
from 1 to 6 in. could be used. However, the 5-in. gQge length
was used practically exclusively. It was fitted with a very
sensitive bubble so that readings could be repeated to 0.0001
in., i·f the point hi t the same spot, but hitting the exa.ct
spot was practically impossible, and so the accuracy was lim-
ited by the irregularities in the plate surface. Generally,
readings could be repeated to within 0.0008-in.
The Whittemore strain gage was of the fulcrum type,
and fitted with a O.OOOl-in. Ames dial. It is accurate to
within 690 Ib per sq in., as a tolerance of 0.0002 is allowed
in repeating a reading.
The2-in •. Olsen gage is equipped with a L~st-Word
~ial, but cannot be relied upon, perhaps, to within 1000
Ib persq in. The Huggcnbergcr tensometers are accurate
to within 300 Ib per sq in.
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E. Computations - From the data as taken, slope
curves were plotted. These were differentiated twice ip
order to get the moment and shear curves. This w~s done by
applying an empirical equation to the slope curve for each
stringer, which fitted it as accurately as possible, and dif-
ferentiating the equation numerically. This gave the results
for moment and shear in terms of EI, and by multiplying these
values by the proper values of E and I, to give the actual
lcnown shears, we ha.d a means of evaluating I. The strain
readings would give a check on the results.
The measured stresses plotted as straight lines along
the stringers, showing that the load acted as point loading.
This showed that the slope curves .. were second degree curves,
and the computations were based on this assumption.
A. typical stress diagram for a stringer is shown in
Fig. 9., and a typical slope diagram is shown in Fig. 10.
The, small values for slope and'stress in the second
panel, show that practically no load is carried over to it,
and the effect of the second panel can be practically dis-
regarded.
7. TESTS OF MODEL OF 24-INCH STRINGER SPACING
A series of nine runs, as described in the test pro-
gram, were made on' the first model. The positions of the
load in these various runs and the nomenclature of .the string-
ers and floor beams are illustrated by Fig. 11 0 •
In Series 16, the lo~d was-placed between stringers
E and G, in the middle of the first panel. In Table III, are
shown the results of the test. It is seen that the two adja-
cent stringers E and G, take eighty per cent of the load,
while the two next ones take about ten per cent. It is also
seen that the stringers, which are away from the direct in-
fluence of the load, carryover about 25 per cent of their
load to the adjacent stringer. The beams act as if they were
partially fixed, the average fixity factor on the left being
about 15 per cent und that on the right being about 39 per
cent. Due to this fact, the left shear is less than the right.
These fixity factors are the ratio of the moments at the sup-
ports to those of a fi~ed end beam.
In order that the shears should equal the applied
load, it was foun~ that the moment of inertia of a stringer
h~.d to be 3.54 in. This required that 5-1/2 in. of plate
act in the compression flange. With these values, the com-
puted center moment was found from the slope curves, and the
fibre stresses were computed. The measured stresses do not
agree with the computed as well as they should, and the reason
for this will be discussed later.
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aThe center deflection was computed from the formula,
d = l~~EI (-4+ 2Kl +K2). This formula was derived from Inoment
area theorems, and while slightly approximate is good withi.n
two per cent, if the fixity factors do not differ by more
than fifty per cent.
The deflection from the slope readings was obtained
by summing up the areas underneath the slope curve. The
agreement between the observed and measured deflections, is
a check upon the accuracy of the differentiation and the
computations.
In Table IV, are shown the results of Series 17A, on
the first model. In this run the load was placed directly
on Stringer E at its center. However, the loading area is
so wide that the bearing block lapped over into the plate so
some of the load was transferred directly through the plate
to C and G. Again the ratio between the shear carried from
one stringer to another, in those away from the load, is
seen to be 0.24. The average left fixity factor is 23 per
cent and right fixity factor is 35 per cent.
( The value of the moment of inertia of the stringers
to make the,shear equal the load was 3.35 in4.for the interi-
or stringers, and 2.84 for the exterior stringer AQ This
corresponds to 4-1/4 and 1-7/8 in. of plRte in T-beam action
respectively. The values for I were worked out as follows:
First the shears were computed using a value of I corrcspond-
ing.to full T-beam action. that is, using 8 in. of plate for
the top part of the T in the interior stringers, and 4 in.
for the e~terior stringers. These values made the shear come
out too large, so next the values for the moment of inertia
were multiplied by efactor so the shears would equ;:11 the
load, and then the plate required for this value of the moment
of inerti~ was computed.
The left reactions are again found to be less than the
right, as would be expected, since the left fixity factor is
the smaller. It is seen that Stringer E directly beneath the
load takes fully fifty percent of the load.
~ 1-, •
The center moment,'which is also the maximum moment,
and the stresses have been computed as in the previous series.
The agreement between the deflections, both computed and
measured, gives us a check on the work.
Series 19, is the same as 17A, but the load is placed
on Stringer 0, instead of on E. This places it, on a string-
er which is next to the exterior stringer~ and consequently
the load cannot be distributed so widely. Thus Stringer C
carries 55 per cent of the load. The amount of plate in T-
beam action was found to be the same as in Series 17A, namely
4-1/4 and 1-7/8 in~
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The left fixity factor averages 20 per cent, while
the right fixity facto~ is 37 per cent. The center stress,
moments, and the d.eflections were found as in the previous·
cases. Again, the computed and measured deflections check
the work.
In Series 20, the load was placed between Stringers
A and a, and the results are shown in Table VI. The effect
of T-beam action is much less marked in this case, and we
have but liZ-in. acting with the exterior stringer and 2 in.
with the interior stringers. Stringers A and a, carry ninety
per cent of the load between them. Stringer a carries over
about 0.22 its shear to Stringer E.
The left fixity factor is 33 per cent and the right
fixity factor 40 per cent. The moments, stresses, and de-
flections were found as before and agree quite well.
Series 21, shows the worst_loading condition for the
floor. Here the load was placed on the center of Stringer A,
with the long edge of the bearing block, bearing longitudin-
ally along the floor. This is equivalent to having a truck
back up against the curb of a bridge. Stringer A took 65 per
cent of the load.
The amount of plate in T-beam action is found to be
the same as in Series 20. Stringer a carries over 25 per
cent of its load to Stringer E. The average left fixity fac-
tor is 39 per cent and the right fixity factor is 49 per cent.
The measured stress in Stringer A gave values which would re-
quire much more plate in T-beam ~ction than there actually
was, which shows there were other stresses in the stringer
besides bending stresses.
The center deflection does not check as well as it
might for Stringer A, but it checks reasonably close for the
other two stringers. We have a deflection of 0.149 in. under
the load and this W2S the largest one measured. Thus this
loading has both the maximum deflection and the maximum stress.
In Table VIII are given the results of Series 22. In
this series, the load was placed between Stringers E and G,
at the quarter-point as shown in Fig. 11. This loading is
thus the same as Series 16, but the load is further along the
stringer. The amount of plate in T-beam action is also 5-1/2
in. as in Series 16. The amount of shear transferred from
one stringer to another is seen to be about 0.08 the shear in
the stringer, instead of the 0.25 which we have in Series 16 0
This is readily explained when we think that the shear trans~
ferred from one stringer to another depends on the relative
deflection of the stringers to each other, and since the
stringer deflects less at the quarter point, the difference
in deflection between two adjacent stringers is going to be
less.
. I The average fixity factor of the left end
cent, while that on the right end is 16 per cent.
shears, stresses and deflections were computed as
vious cases.
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is 27 per
The moment,
in the pre-
Series'23, gave stresses so small that they were not
worth while computing, as the stresses lay within the experi-
mental errors of the instruments. Series 24 and 25 were sim-
ilar in this respect.
In Series 24, however, the results for Floor Beam M
were computed, and they are given in Table IX. The floor
beam took all the load. In this case we had 16 in. of the
plate acting in T-beam action. The large value for this
case being, undoubtedly, due to the supporting and bracing
action of the stringers on the plate.
The fixity factor worked out to be about zero. which
was very surprising, for the floor beams were welded to the
hanger posts or verticals with a bead all the way around the
beam. The vertical was evidently much more flexible, rela-
tively, than the floor beam.
Several supplementary tests were run on this model.
In one of these, rows of Ames dials were placed below the
various stringers to read the deflections as the load was
applied.
In Fig. 12, the deflection of Stringer E is plotted
against the load. The loud was pl~ced in a position corres-
ponding to Series 16. It is seen th&t the plot for the
stringer is a straight lino which is as would be expected,
and it also shows that the amount of plate acting as a T-
bwam is constant, and does not vary with the lo~d.
A plot of the center deflection of the plate is given
in the same figure. This curve slopes upward to the left
showing th~t as the plate becomes loaded, it takes more load
to give equal increments of deflection. In other words, we
have catenary action helping to support the plate~
In Fig. 13, the. deflections of the plate and String-
er E are plotted aeainst the longitudinal axis of the string-
er for a 2500-lb. load. The deflection curves for quarter-
point loading are also given. In the CQse of the stringers
we have a slight initial reverse curv~ture of the deflectio~s
at the. ends of the stringers. This shows slight partial fix-
ity.
, The curve for the plate in sharp contrast to that of
the stringers slopes grcdually and then bellys down quite
sharply underneath the load. This was quite characteristic
of the plate, to have a large deflection directly beneath the
load, and no matter how small the load, there was alw~ys a
small permanent set after the first time a point on the plate
had been loaded.
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In order to supplement the tests on the floor, tests
were made on various sizes of plates welded to several short
H-beams. The span of the plates was 8 in. between the cen-
ters of the legs of the H-beam. The deflections of the
plates at various points were measured. A picture of the set-
up is shown in Fig. 15. In all cases, the deflection curv~
w~s similar to that shown for ,the plate in the flool',iriFig.
12. If the load was increa~e4~nough, however, this 9,ur:vature
was reversed, and the materHilyielded gradually. For .1/8~in.
plate; on 8-in. s~acing, this, occurred at about 3500 lbi' How-
ever~ the ultimate load was ,38;000 lb •• and the plate finally
failed in punching shear~· In another similar test, in, which
the plate was welded to a lighter H-beam, so the sides gave
more easily. the plate could not be broken, for when the ul-
timate load of 50.000 lb. of the machine was reached, all
that had occurred was a very marked yield of the H-beam side-
ways so that the plate began to act like a buckle plate.
; In these tests; there "was quite a horizontal force in
the plate us was evinced byt~e sld~ise yielding of the H-
beam. This was also true in the 'case of the floor model. The
bottom~ 0+ the stringersrotat~da good deai. and a plot of
the rotation,of ope ~f the stripgers is shown in Fig. 14~ In
some strihgers, n~mel, thee~tetior on~~, the 'rotation was
three times as riruchils ',that shown in the figure • However,'
theio~ of the s~:tirtget ~ho~e~ littlS or ri~rbtatiori~which
indicated that the stringers must rotate ~bdut,tho top bf:the
plate. It is not readily seen what this rot~iibn iS,due tol
Partly it must be due to the fixity moments of the floor
plate. If the tops of the stringers moved more, we could say
. it was also partly due to the horizont&l force in the pl~te.
Evidently the stringer takes some of the load in torsion.
The plate stress was also measured underneath the
,load, and in various critic~l points around it. The maximum
stress was directly underneath the load, in the center, be-
tween the stringers. Its value was about 43,000 lb. It is
interesting to note, th~t if the plate is figured as a fixed-
end beam using the clear span of the plnte, we will also get
this value for the stress. The stress in the top of the
plate, over the stringers, showed that we had practically
one hundred per cent fixity at the edges of the plate.
8. TESTS OF MODEL OF 12-INCH STRINGER SPACING
The second model, as has been said before, is the same
as the first, except that the stringers are four inches center
t.o center.
The results on the second model are similar to those
on'the first. Due to the decreased stringer spacing, the
floor is stiffer and thus the load is distributed over more
stringers. '
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In Table X are shown the results of Series 32, in
which series the lor:d was plc~ced directly on top of Stringer
F. The positions of the load series, and the nomenclature
of the stringers of the second model are shown in Fig. 16.
The width of the londing are2 is such in Series 32 th~t the
load rests directly on three stringers, E, F, und G. We have
full T-bef~m action in this series. StringE;::r F t~k:es the max-
imum portion of the lo['.d or about thirty per cent. The ratio
of shea.r cnrried from Ol1e stringer to another in those f':.way
from the load is about 0.43, instead of 0.25 that we had in
the first model.
The average left fixity factor is about 12 per cent,
Rnd the right fixity factor ,is about 35 per cent.
The center moment, stress, and deflection, were com-
puted for the second model in the same manner as for the
first. The slope readings check the deflection. However,
the ratios between the various stringers do not stay ~uite
so constant for the shear, moment, and deflection, as they
did in the first model. This shows that the curves are not
exact second-degree curves, although they are so assumed,
and consequently, a slight error creeps in with the differ-
entiation and integration.
In Series 33, the load is placed on top of Stringers
E and F. Again, we have full T-beam action. Stringers E and
F take 28 per cent and ~6 per cent of the load respectively.
The average left fixity factor is 27 per cent, and the aver-
age right fixity factor is 42 per cent. The center moments,
stresses, and deflections were computed as in the preceding
cases.
Series 34 is the 'same as Series 32, but the loading·
area is at right angles to what it was in Series 32, and con-
sequently most of the load was taken by Stringer F, which has
38 per cent of the load. It is a more severe loading than
Series 37. Tho ratio of the shear carried from one stringer
to another is about 0.53. The average left fixity factor is
25 per cent and the average right fixity factor is 45 per
cent~ The center moment, stresses, and deflections were com-
puted and they check as before.
Series 35 is the critical load for this model., The
load was placed longitudinally along the exterior stringer.
The ratio of shear carried from one stringer to another is
here about fifty per cent for the average. However, it is
, the v~lue of Stringer D which brings the average up to this
amount, and since Stringer D hns the smallest vc..lues observed
in the test, they are not as reliable as the others.
In thiscc.se we do not have full T-be~m action. For
the interior stringers, we have 3 in. of plate acting in the
top flange and 1-1/2 in. acting in the top flange of the ex-
terior stringer. Stringer A takes slightly more than one-half
the load or 53 per cent. The average left fixity factor is 18
per cent arid tho average right fixity factor is 52 per cent.
The center moments, stresses and deflections were found the
s~me as previously, and check quite well.
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Supplementary runs were taken on this model also to
measure the deflection of the stringers with Ames dials.
Fig. 17, gives the deflection curves of the stringers. The
relative deflection of each stringer gives the relative load
carried by each stringer, with the exception of Stringer A,
whose smaller moment of inertia will cause it to deflect u
relatively larger amount. Unfortunately, the Ames dials
could not be placed under the stringers during a regular run,
for they would prevent reading the strains. However, the re-
sults of the dial runs check the slope readings remarkably
well, considering thut they were taken at different times.
A reading of the stress in the plate itself could be
obtained only under the center of the load, in this model,
due to the cramped space. For a 2500-1b. load, its v~lue
was 17,000 lb per sq in. The cle~r span between the string-
ers was 2.84 in. It would take a span of 3.28 in. to give
us this stress, figuring the stress as a fixed end beam. This
6istance of 3.28 in. is incidentally the distance between the
fillets of the stringers. Since the load covers the flanges,
they deflect, and throw the supporting reactions of the plate
further apart, and in this CRSC the reactions of the plate
can be considered ~s ~cting on the outside of the fillets.
The plate deflections were also measured in this
model and the mt:ximum plate deflection w~s 0.0175 in.
9. COMPARISON BETWEEN THEORY AND TEST RESULTS
There were not enough tests run to give any comparison
between the results of the tests ~nd the plate theory. What
plate equations to use in the comparison would be another
question. However, one thing seemed qUite clear, the stresses
in the plate were much less than those given by pr~ctic~lly
all plate stress equations, and the deflections were less.
However,there was cnten~ry action present in the plate, and
practically ~ll the theories disregard this effect.
For this ratio of width to length of the plate, the
simple beam formul~, by a jUdicious choice of the sp~n length,
gave the best results. The span was not varied enough in
these tests to give any definite conclusion, but in those
cases tested, the loaded distance between the rigid supports
of the plate seem to be tho onB to use. For example, in the
first model, the load e~tended just over the clear distance
between the fl~nges and thus the edges of the flr-nges would
be the supports for the plQte. In the second case, however,
the loud extended all the way between the stringers and de-
flected the f13nges of the I-beams so that the plate had to
carry the reactions, practically to the web of the stringers.
High local stresses were measured around the load.
Huggenberger tensometers were placed I:'..s close to the load as
possible, and stresses from 20,000 to 35,000 Ib per sq in.
were noted. They caused local yieldings which left slight
permanent deformations.
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The load was distributed between the stringers in
proportion to the relative deflection of the stringers, as
was predicted by the theory. The constant factor was about
0.24 for 'the first model a~d about 0.46 for the second model.
The stresses in the stringers do not check the theory.
The reason for this is that the stresses as figured are only
the simple bending stresses ofa fixed beam. Since the beams
are welded to the floor beams, tensional stresses can occur,
and also moments may be applied. There are four types of
stresses which are added to the simple bending stresses along
the tension flange. First, due to the tension in the beam,
the bottom of the beam increases in length, this will put com-,
pression on the ends of the beam, and tend to reduce the ten-
sion. Second, due to the deflection of the beam, any longitu-
dinal axis Shortens, and causes tension along ~hat axis. Third,
due to the rotation of the bottom flange, the center of the
bottom, flange, along which we incidentally had our gage holes,
shortened in length and ca11sed tension in the gage line. Fin-
ally, those effects in any stringer would have a reaction on
the floor beam, rotating the floor beam, which in turn would
apply R couple and ~ tensional stress to the other stringers.
An attempt w~s made to ev~luate these stresses, and apply them
as a correction, but so many assumptions hQd to be made, that
they did not check any better before than afterwards.
The effect of these stresses is groatest on the
stringer which is lo~ded. They reduce the compression and
increase the tension in th~t stringer. The stringer has now
a large effect on the rotation of "the floor beam. The floor
bClO:.m tends to rotate, and it rotf'.tes enough so that the sec-
ondary stresses, as these m?y be called, in the other floor
beams arc actually offset. In the stringers a distance away
from the load, the tension is reduced, in some cases to zero,
and the compression is increased. In betweon the two extremes,
we find that the secondary stresses neutr~lize themselves, and
our stresses Rre only bending stresses.
The rotation of the floor be~m was measured in Series
32. It was found to nmount'to 8-1/2 minutes in this case.
This varied Rlong the .!:;.xis of the floor beam, as the square
of the distance from the loaded beam. The rotation was around
the center lino of the stringer, so that there is in effect a
couple and a tension applied to the stringers, since the cen-
ter line of the stringer does not coincide with the center of
gravity axis o~ the T-beam.
For pr~ctical purpQses. the second~ry stress is im-
portant only in the stringer under the load, since that con-
dition is what the stringer must be designed for. Here the
tension which is critical in the design, is about 25 per
cent more th~n computed.
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10. ?IGNIFICANCE OF RESULTS
The results of the tests on these two models, show
that they were amply strong enough for H-20 loading. The
first model had undesirable deflections in the plate, which,
left permanent set, and a surfacing, if it had been put on
this model would undoubtedly, have broken up. The second
model was all right in this respect. As a matter of fact
the load could not be placed on the second model without
having it rest on the stringers somehwere.
The load was carried by only a few stringers and the
amount carried over from one stringer to another was so small
that it died out in a short space~ For example, the load
carried by the fourth stringer away from the loaded stringer
in the first floor would be only (1/4)4 of the loaded string-
ers or (1/2)(1/256) = 1/512 the wheel load. Since the wheel
~oads are six feet apart in a H-20 loading, it is seen that a
stringer has to be designed for one wheel load only.
The results of the model are not entirely uniform.
The model was made of standard materials, and as carefully
as possiblo. However, discrepancies of 1/8 to 1/16 in. could
and did occur in welding up the stringers, and this would
cause one stringer to take more than its proportionate share
of the load from the next one. This practice would also oc-
cur in an actual structure. In spite of this, the results
are quite consistant.
The amount of plate acting as the compression flange
of a T-beam was variable, and depended on the, position of the
load and beam. In those caStS where the load was between the
stringers and would help to stiffen the flange, it may be.oon-
sid:c'red.,8.S high as 5-1/2 in. Where the load is on top of an in-
terior stringer, there is 4-1/4 in. of plate acting. However,
when the load is on top of an exterior ~tringer, there seems
to be hardly any plate acting. In the center floor beam 16
in. of plate were in action, a very large amount. The amount
of plate acting in the flange varied with the stiffness of the
plate and how it might be braced by the load or other string-
ers. In the case of the exterior stringers, if we had a large
amount of plate acting, we would have an unsymmetricalbe~m.
Changing the distance between the stringers stiffened
the floor immensely, and distributed the land over more string-
ers.
The average of all the fixity factors on the left was
25 per cent and that on the right 39 per cent. These values
are so small and the fixity fuctor is so variable, that it
cannot be taken into effect in any computations. The value
for the right end is higher since the second panel has a stiff-
ening effect. The reason for the low fixity seems to be role
to the rotation of the floor beams and the rot~tion in the
connection between the floor beam, and the web angles of the
stringer.
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The plate acted as fixed and may be regarded as such.
This will cut down the maximum bending stresses in the plate.
The plate stresses seemed very high in some cases, but no
harmful effects were noted, and they recovered in most cases.
11. RECOMlViEHDED METHOD OF DESIGN
From the results of these tests, it is recommended
that battledeck flooring be designed on the following basis.
A. Plate:- As a fixed end beam, whose span is the
length between the rigid supports of the loaded plate.
B. Stringers: 1. Interior. As simple beams strong
enough to carry one half the wheel load.
As T-beams, with as high as 12 in. of plate in com-
pression if the plate is 3/8-in. plate. -
It is recommended that a wide flange beam be used if
possible, for the stringers, since it decreases the span of
the plate and consequently the-plate stress, and it makes it
easier to oope the stringers in the floor-beams giving a
shallower floor.
It might also seem desirable to increase the thickness
of the plate and the span. If the plate thiclrness were doubled,
the span could be practically doubled, and the clear span would
be more than doubled, since we would have one less flange width
for every two spans. We would increase the weight of the plate
5.7 Ib per sq ft. for each extra 1/6 in. of thickness. If we
have a 3/8-in. plate on 12-in. W.F. 28-lb. beams, 1 ft. apart,
as in our second model, and change the stringer spacing to 2
ft., we will have to increase the weight of the beam only
slightly, and cut out every other stringer, while we increase
the weight of the plate 17.1 lb per ft. This gives us a net
decrease of about 6 Ib per ft. More study and experimentation
on different siz8d plates is necessary before any rigid conclu-
sions can be drawn.
C'~ Floor Beams : - The floor beams may be designeo. as Ii.
simp~e beams with as much as 48 in. of 3/8-in. plate acting
in the top flange, when the stringers are coped to the floor
beam, and the plate welded to both the stringers and floor beam.
12 . SUMMAR Y
From the tests on these two models, the following con-
clusions are drawn for similar cases:
1. Large inherent welding stresses, ~re to be found
in the stringers of battledeck flooring.
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2. Great care is required. in welding, to minimize
these stresses. .
3. The loading rig as designed in the model gave a
uniform stress over the bearing area, and it gave the s?~me
stresses as when the s~me load wus applied through a tire,
showing that the tire gives a ~tr~ss distribution which is
sensibly uniform.
4. The stresses and deflection in the beams may be
computed by the ordinary beam formulas, keeping in mind that
secondary stresses will increase the maximum tension about
25 per cent. .
5. The plate acts as a T-beam in the interior string-
ers, the ratio of the width of the plate to its thickness
acting as such can be safely considered as high as 34.
6. The amount of plate in T-beam action does not .vary
with the load.
7. Very little T-beamaction can be counted upon in
the exterior stringers.
6. ~he stringers can not be taken as fixed end beams
and should be regarded as simple beams. Any slight fixity
which is present can be regarded as ~ small safety factor.
9. The stringers distribute the load in proportion
to the relative deflection between the stringers. Thus the
distribution is the greatest when the load is in the center
of the panel, and it decreases as the load approaches the
floor beams. The distribution factor varied as the thick-
ness of the plate and the distance between the string8rs.
10. The effect of the concentrated load on the plate
is Cluite local.
11. Decreasing the distance between the stringers,
stiffens the floor, and incren.ses the 10306. distribution.
However, the maximum 10[.Ld on anyone stringer is reduced
only slightly.
12. The plate can be regarded as fixed~at the edges
of the stringers.
13. The plate has a very large reserve strength ratio,
over it~ initial yield point, due to the caten~ry action
which is induced as the plate deflects.
l~ In the models, the deflection of the plate was so
large with respect to its thickness that all ordinary plate
theories do not apply.
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TABLE II
COMPARISON OF RESULTS - TIRE VERSUS LOADING RIG
Loa.ding
Point Tire
Rig
- -Ib per Ib per
sq in sq in
C, (Top) - 1,800 - 1,800
D4 - 2,100 - 2,400
l!4 - 2,400 - 2,400
4 - 1,800 - 2,100
C4 (Bottom) + ~Oo + 600
E.1 + 9,000 + 9,600
G4 +10,500 +10,600
14 + 600 + 600
H 1 (Top) 500 - 2,300
H2 900 900
fiG - 1,800 - 1,800
Dl - 1,800 - 2,300
~ 500 - 1,800
l{j - 1,800 - 4,200
4 (Bottom) +20,200 +17,000
5 +41,300 +43,200
------- - ..-----
in. in.
24 (Rotations) 0.0368 0.0371
64 .0665 .0671
42 .0353 .0342
46 .0335 .0342
52 .0356 .0354
56 .• 0368 .0374




TABLE VII
SERIES 21 - FIRST MODEL
l"lxity Faotor Center ::>tress Center Defl.
Ra.tio Per - Ratio - RatioShea.r to Cent Left Right Compute<1 to Com- From toCeJlterStr.* ~Load Next Total K1 ~ Moment Next Computed Measured puted Slope Next
Str.* Load
-
Str.*_~Str.*
per cent in-1b Ib per sq in inohes
717 916 1535 1.00 65.4 32 55 25,100 l.00 +15,500 +20,000 O.lel 0.149 1.00
-15,500 - 9,200
336 350 685 0.42 27.4 33 36 11,130 0.44 + 6,550 + 5,700 0.062 0.061 0.41
- 5,400 - 5,400
E 89 86 175 0.25 7.0 51 57 2,500 0.23 + 1,470 0 0.013 0.011 0.18
- 1,210 - 2,300
Tota.l 1142 1354 2496 99.8
• Stringer
Properties of Sections Used in Computations:
Plate in T-Beam Action 2 inohes
I ... 2.93 In 4
~ ~ 1.70 inJ and 2.06 in3
Exterior Stringer A
Plate in T-Beam Action 1/2 inch
I = 2.53 in4
S • 1.62 in3 and l.o~ 1n3





TABLE XID
SERIES 35 - SECOND MODEL
Ratio Per~ Ratio Center stress Center Defl. RP1tk>Computed ~
str.* Shear L d to Cent Lett Right Center to Computed Measured Com- Slope to-oa
Lett Right Next Total Kl Ka Moment Next puted Beade. Next
str.* Load--Str.* -Str.*per oent in-lb Ib per aq in inches
650 68. 1334 1.00 53.0 40 43 20,900 1.00 +12,500 +18,200 0.1190 0.120e 1.00
-11,000 - 6,400
326 407 733 0.55 2~.0 11 4.1 12,620 0.60 + 7,270 + 7,100 .0700 .O6~1 0.55
J
- 5,550 - 5,500
C 128 156 284 0.40 11.3 0 60 5,110 0.41 ... 2,940 ... 1,400 .0274 .0270 0.,41
2,640 3,700
D 71 100 171 0.60 6.9 21 65 2,660 0.52 + 1,530 + 600 .0143 .0129 0.46
•
-
1,380 - 2,400
Total 1175 1347 2522 100.2
- - - . - - - - - - - - - --- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
• StrlI18er
Properties of Sections Used 1n Computations:
Plate in T-Beam Action --·3 inohes
I • 3.13 1114
S ·.,1.74 In3 and 1.93· 1n3
Exterior Stringer A
Plate in T-Beam Action 1-1/2 inches
I ::a 2.78 1n4
~ • 1.67 InJ and 1.90 in3
~--~. -~------------,=--------,---,,----------,-----=--=-------
T
Fig. 1 - Photograph of First Model Floor
and Loading Rig
Fig. 2 - Bottom View Of Floor
r
/


•----
Fig. 0 - Loading Rig
"

Fig. 8 - Loading Floor Through Tire
\ ,






Fig. 15 - Plate Ready For Test In Machine



